Abstract: Electrical kindling of the rat dorsal hippocampus induced significant changes in the binding of 1251.. peptide YY to Yl and Y2 subtypes of neuropeptide Y receptors and in their mRNA levels in the area dentata as assessed by quantitative receptor autoradiography and in situ hybridization histochemistry. Binding to Vi receptor sites decreased by 50% (p <0.05) in the molecular layer of the stimulated dentate gyrus, 2 days after preconvulsive stage 2 and 1 week or 1 month after generalized stage 5 seizures compared with sham-stimulated rats. Binding to Y2 receptor sites increased bilaterally by 36-87% (p < 0.05) in the hilus at stage 2 and 1 week or 1 month after stage 5. No significant changes were observed after one afterdischarge or in the other hippocampal subfields or in the cortex. Vi receptor mRNA signal decreased bilaterally by 50-64% (p < 0.01) in the granule cell layer, 6 h but not 24 h after stages 2 and 5. The Y2 receptor mRNA signal was enhanced by 283% (p <0.01) in the stimulated granule cell layer 24 h after stage 2. At 6 and 24 h after stage 5, mRNA levels were increased both ipsilaterally (283 and 360%, respectively; p < 0.01) and contralaterally (190 and 260%, respectively; p < 0.05). No significant changes in level of either mRNA was found following one afterdischarge. These modifications, and the enhanced neuropeptide Y release previously shown in the hippocampus, suggest that kindling is associated with lasting changes in neuropeptide Ymediated neurotransmission.
Recent evidence indicates that neuropeptide Y (NPY)-mediated neurotransmission undergoes plastic changes during kindling epileptogenesis. Thus, the release of the peptide in the hippocampus was significantly greater at both the early preconvulsive stage of kindling (stage 2) and long after completion ofkindling (stage 5) (Rizzi et al., 1993; Vezzani et al., 1996) . This effect was associated with enhanced NPY immunoreactivity in hilar and stratum oriens interneurons and their presumed projections to, respectively, the outer molecular layer of the dentate gyms and the stratum lacunoso-moleculare in stages 2 and 5 kindled rats . Accordingly, NPY rnRNA content was increased in the interneurons of the polymorphic cell layer of the dentate gyms and in the stratum oriens of the pyramidal cell layer as assessed by in situ hybridization histochemistry (Bendotti et al., 1993; Schwarzer et al., 1996) .
Electrophysiological and biochemical evidence indicates that NPY can affect synaptic, i.e., glutamatergic, transmission differently in the hippocampus depending on the type of receptors with which it interacts (Y2 or Yl) (Brooks et al., 1987; Colmers and Bleakman, 1994; Greber et al., 1994) . It is therefore important to establish whether the increase in the extracellular concentration of NPY in kindling is associated with changes in the status of its receptor subtypes. We recently observed that limbic seizures induced by injection of kainic acid cause lasting changes in NPY receptor binding Roder et al., 1996) .
We have now examined ' 251-peptide YY (PYY) binding to Yl and Y2 receptor subtypes and the levels of their respective mRNAs in the hippocampus and cerebral cortex during the development of kindling by stimulation of the dorsal hippocampus and 1 week or 1 month after its completion, using quantitative receptor autoradiography and in situ hybridization histochemistry.
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temperature (23°C)and relative humidity (60%) with a fixed 12-h light-dark cycle and free access to food and water.
Procedures involving animals and their care were conducted in conformity with our institutional guidelines, which are in compliance with national (4D.L. N. 116, G.U., Suppl. 40, 18-2-1992) 
Kindling
Bipolar depth electrodes made of insulated nichrome wire (60 tim) were implanted in the dorsal hippocampus with the animal under Equithesin anesthesia (1% pentobarbital/4% chloral hydrate; 3.5 ml/kg intraperitoneally), according to the following coordinates (mm) from bregma: nose bar -2.5 below the interaural line, AP -3.5, L ±2.3,H 2.9 below dura (Vezzani et al., 1988) . EEG recordings were made using bilateral screw electrodes over the parietal cortex and hippocampal electrodes in unanesthetized, freely moving animals as previously described (Vezzani et al., 1988) . Kindling was started after a postoperative period of 7 days when the animals showed no behavioral signs of pain or discomfort.
Rats were allowed to acclimatize in a Plexiglas cage, and an EEG recording was made for at least 10 min to assess the spontaneous EEG pattern. Constant current stimuli were delivered unilaterally to the dorsal hippocampus through a bipolar electrode (recording electrode) twice daily for 5 days and then once daily for 2 days (weekend), at intervals of at least 6 h. The stimulation parameters were 50-Hz, 2-ms monophasic rectangular wave pulses for 1 s, and the current intensity ranged between 60 and 200 ‚iA. Behavior was observed, and the duration of afterdischarge was measured in the stimulated hippocampus after each stimulation for every animal. Rats were randomly stimulated in the right or the left hippocampus.
Before electrical stimulation, rats were randomly assigned to two groups and received 12 ± 1 and 27 ±2.5 stimuli (mean ±SE) to reach, respectively, stages 2 (stereotypies, occasional retraction of a forelimb) and 5 (tonic-clonic seizures with rearing and falling) of kindling according to the classification of Racine (1972) . Animals were considered fully kindled when they experienced at least three consecutive stage 5 seizures. Controls were implanted with electrodes but were not electrically stimulated (referred to here as sham stimulation).
For binding experiments, rats kindled to stages 2 and 5 and their corresponding sham-operated rats (implanted with electrodes but not stimulated) (n = 3-5) were killed, respectively, 2 days or 1 week and 1 month after the last electrical stimulation. Two groups of three rats each were killed 2 and 7 days after receiving a single stimulation inducing an afterdischarge. These intervals were chosen on the basis of previous studies showing changes in NPY immunoreactivity and its release related to kindling-induced plasticity but not to the recent experience of seizure activity (Rizzi etal., 1993; Schwarzer et al., 1996). For in situ hybridization studies, rats kindled at stages 2 and 5 and their respective sham rats (n = 3-5) and rats after one single afterdischarge (n = 3) were killed 6 and 24 h after thc last clcctrical~timulution.
Rats were decapitated, and their brains were carefully removed, immediately frozen using liquid nitrogen, and then stored at -70°C.
NPY receptor autoradiography
Brains were cut in the coronal plane (l4-~m-thicksections) using a cryostat (Frigocut, model 2700; Reichert-Jung) at -20°C. The sections were thaw-mounted on gelatincoated slides and kept at -20°Cuntil assay.
Receptor binding was performed according to the method of Dumont et al. (1993) . The sections were thawed, preincubated for 30 min at 25°Cin Krebs-Ringer' s phosphate buffer (138 mM NaCI, 11 mM NaHCO 3, 1 mM NaH2PO4, 5 mM KC1, 1 mM MgSO4, 11 mM glucose, and 1 mM CaC12, pH 7.3-7.4), then transferred to fresh buffer supplemented with 0.1% bovine serum albumin, 0.05% bacitracin, and 15 pM ' 251-PYY (2,200 Ci/mmol; Amersham), and incubated for 120 min at 25°C.
In the same experiment, Y2-specific binding was determined by incubating adjacent sections under the same experimental conditions with 60 aM [Leu31, Pro34] NPY, previously shown to displace Yl but not Y2 receptors (Dumont et al., 1993) . Nonspecific binding was determinedby including 300 nM unlabeled NPY in the incubation medium. At the end of the incubation, sections were washed three times for 4 min each in ice-cold buffer, then rapidly dipped in ice-cold distilled water, and dried under a stream of cold air. The sections were subsequently apposed, together with Amersham-125J plastic standard scales, to Hyperfilm-3H (Amersham, Bucks, U.K.) and stored at -70°C for~-~3 weeks. The films were developed using Kodak D 19 developer (5 min at 20°C), fixed (Unifix; Kodak), and washed in water.
In situ hybridization
Coronal brain sections (14 fim) were cut, thaw-mounted on gelatin-coated microscope slides, and kept desiccated at -80°Cuntil the in situ hybridization experiment.
The procedure of Young (1989) was followed. In brief, matching sections from sham and kindled rats at a comparable anteroposterior level of the hippocampus were assayed together. Frozen sections were rapidly immersed in 2% paraformaldehyde and 150 mM NaC1 in 10 mM phosphate buffer (pH 7.2) (phosphate-buffered saline) for 10 min at room temperature, rinsed in phosphate-buffered saline, immersed in 0.25% acetic anhydride in 0.1 M triethylamine hydrochloride for 10 mm, dehydrated by an ethanol series, and delipidated with chloroform. They were then rehydrated in ethanol, air-dried, and hybridized as described below.
For detecting Y2 receptor mRNA, two different synthetic oligo-DNA probes (custom-synthesized by Microsynth, Balgach, Switzerland) were used complementary to sequences of the rat Y2 receptor mRNA highly homologous to bases 1,020-1,064 and 45 1-501 of the mouse eDNA (Nakamura et al., 1996) . For detecting Yl receptor mRNA, oligonucleotides complementary to bases 546-582 and 723-767 (Eva et al., 1990) were used. Oligonucleotides were labeled with a-[35S]thio-dATP (1,300 Ci/mmol; NEN) by reaction with terminal deoxynucleotidyltransferase and precipitated with ethanollNaCl. The sections were hybridized at 42°Cfor 18 h with 100 fmol (1-1.5 X l0~dpm) of labeled oligonucleotide probes in 5 ml of hybridization buffer. The hybridization buffer consisted of 50% formamide, 5 X saline-sodium citrate (SSC; lx SSC is composed of 150 mMNaC1 and 15 mM sodium citrate, pH 7.2), 500~ig/ml salmon sperm DNA, 250~ig/ml yeast tRNA, lx Denhardt's solution (0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin), 10% dextran sulfate, and 20 mM dithiothreitol. At the end of incubation, the slides were briefly rinsed twice in lx SSC with 50% formamide. They were washed four times in 50% formamide in 2x SSC (42°C,15 mm), then rinsed in I x SSC, and dipped briefly in water. The sections were then dipped in 70% ethanol, dried, and exposed to /3max films (Amersham) for 5 weeks. The films were developed with Kodak D 19 developer.
The corresponding radiolabeled sense DNA oligonucleotides were used to exclude nonspecific hybridization of the probe. Sections prehybridized for 2 h with an excess (1 nmol) of unlabeled probe were included as further controls in some experiments.
Quantification of binding and in situ hybridization
Computer-assisted autoradiographic image analysis was performed using AIS ver. 3.0 software (Imaging Research, St. Catharmnes, Ontario, Canada). For each experimental condition two adjacent coronal sections were examined. Optical density was measured in different subfields of the dorsal hippocampus (strata oriens and radiatum CA3, the hilus, the molecular layer of the dentate gyrus, and the outer layers of the cortex overlying the dorsal hippocampus). For in situ hybridization studies, the optical density measured in the corpus callosum was subtracted as background because no specific signal was detected in this area.
For binding experiments, absolute values were calculated from optical densities using '251-microscales and expressed as femtomoles per gram of wet tissue weight. (Dumont et al., 1993) . Although it has been shown that [Leu31,Pro34]NPY recognizes a heterogeneous population of receptors [includingthe Y1 and the Y4 and Y5 subtypes (Dumont et al., 1996; Lundberg et al., 1996) (Dumont and Quirion, 1995) ; moreover, in the same area, the proportion of sites labeled by '251-[Leu3t,Pro34]NPY is similar to that obtained with [3H]-B1BP3226 (Dumont et al., 1996) .
The data were analyzed by one-way ANOVA followed by Tukey's test for multiple comparisons.
RESULTS
Receptor autoradiography
In accordance with previous findings (Dumont et al., 1993; Gobbi et al., 1996; Roder et al., 1996) No differences in binding to Y2 and Yl binding sites were observed in the other hippocampal regions examined (strata radiatum and oriens CAl and CA3) and in the cortex (data not shown) or in the dentate gyms of rats experiencing a single electrical stimulation evoking an afterdischarge (data not shown). sham-operated animals were killed 2 days and 1 week or 1 month after stages 2 and 5 of kindling: side ipsilateral to the stimulation (~) and contralateral side (n). Because no differences were observed between binding in the left and right hemispheres of sham rats, the values were pooled in a single control group. 0G, dentate gyrus (molecular layer).°p< 0.05, **p <0.01 versus respective sham-operated group by one-way ANOVA followed by Tukey's test for multiple comparisons.
In situ hybridization histochemistry
fmol/g of wet weight tissue, corresponding to 97 ±8% of the global binding] and CAl (182 ±10 fmoll g, 83 ±10% of the global binding), followed by the hilus (75 ±6 fmol/g, 72 ±11% of the global binding) and the molecular layer of the dentate gyrus (34 ±3 fmollg, 50 ± 8% of the global binding) (Fig. lB) . Yl receptor sites, assayed by the difference between global binding (Fig. lA) and Y2 binding (Fig. lB) , were found to be enriched in the molecular layer of the dentate gyms (34 ±4 fmol/g) and in the outer layers of the cortex (94 ±11 fmol/g, 86 ±8% of the global binding).
PYY binding to Y2 and Y 1 receptor subtypes showed selective changes in the dentate area during and after kindling ( Figs. 1 and 2 ). Binding to Y2 receptor sites were increased bilaterally by 50% (p < 0.01) and by 36% (p < 0.05) in the hilus of the dentate gyms at preconvulsive stage 2 and 1 week after stage 5, respectively. A more pronounced increase in binding to Y2 receptors was found 30 days after completion of kinIn situ hybridization histochemistry showed that changes in receptor binding were preceded by alterations in the level of their respective mRNA. Figures  3 and 4 depict the distribution of Y2 and Y 1 receptor mRNAs in the hippocampus 6 and 24 h after stages 2 and 5 of kindling were reached compared with shamoperated rats or rats following one single afterdischarge. In accordance with previous reports (Larsen et al., 1993; Gustafson et al., 1997) , in sham-operated rats Y2 mRNA expression was highest in the CA2/ CA3 pyramidal cell layer, whereas signals were low in the granule cell layer. Yl mRNA was instead expressed at high levels in the granule cell layer, but the signal was lower in the pyramidal cell layers (CAl, CA2, and CA3a) (see Kofier et al., 1997) .
Quantification of the autoradiograms (Fig. 5) , based on optical density measurements, showed that the Yl receptor mRNA signal decreased bilaterally (p <0.01) in the granule cell layer, 6 h but not 24 h after stage 2 (-64%) and stage 5 (-50%) compared with shamoperated rats. The Y2 receptor mRNA signal, however, was selectively enhanced, by 283% (p < 0.01), in the stimulated hippocampus 24 h after stage 2. At 6 and 24 h after stage 5, mRNA levels were increased both ipsilaterally (283 and 360%, respectively; p < 0.01) and contralaterally (190 and 260%, respectively; p < 0.05). No changes in Yl and Y2 receptor mRNA level were found in the pyramidal cell layer (data not shown) or in rats following a single afterdischarge (see also Figs. 3 and 4) .
DISCUSSION
The present study found that the Yl and Y2 receptor subtypes of NPY receptors undergo distinct changes during kindling epileptogenesis. Levels of the Yl receptor subtype on granule cell dendrites in the stratum moleculare of the dentate gyms (Dumont et al., 1993; are decreased at preconvulsive stage 2 and long after stage 5 seizures. Levels of the Y2 receptors are significantly and selectively enhanced on the hilar mossy fibers (Dumont et al., 1993; Gobbi et al., 1996) at the same time points. The fact that levels of NPY receptors did not change after a single afterdischarge indicates that these effects are not a simple consequence of the electrical stimulation. The receptor level changes in the early stage of kindling development and their persistence after completion of kindling suggest these are part of the plastic modifications associated with kindling epileptogenesis and with the maintenance of the kindled state (see Mody and Heinemann, 1987; Rizzi et al., 1993; Piwko et al., 1996) .
In situ hybridization analysis of mRNA of Y1 and Y2 receptors in sham animals supports the idea that the two receptor types are, respectively, localized on granule cell dendrites and the mossy fiber projections in the dentate area. The distribution of mRNAs is compatible with previous evidence using the same probes used here (Kofler et al., 1997) or different ones (Larsen et al., 1993; Gustafson et al., 1997) .
The changes in mRNA expression were in accordance with the receptor binding results. Thus, Yl receptor mRNA content was decreased, whereas Y2 receptor mRNA content was enhanced in the granule cell layer. The decrease in Y1 receptor mRNA level was transient because it was observed 6 h but not 24 h after kindling stimulation, as compared with the longterm changes (2-30 days) in receptor binding. Y2 receptor mRNA content was still enhanced 24 h after kindling, although we cannot exclude that at longer time points it returned to control values.
The different time courses of the changes in mRNA levels and the corresponding receptor levels might be due to their different turnover rates or to a nonlinear correlation between the level of mRNA and the related protein. Alternatively, the differences in binding might involve a change in receptor affinity rather than density. Our experimental conditions do not distinguish between these two possibilities.
NPY Y2 receptors are present at high density in the stratum oriens and radiatum of the pyramidal cell layer. Their location in stratum radiatum CAl probably reflects presynaptic receptors on Schaffer' s collateral terminals (Colmers and Bleakman, 1994) , as also suggested by the high level of their mRNA in the CA3 pyramidal neurons. This receptor population is not altered in kindled tissue at the times investigated, indicating that the modifications in the dentate gyms are very selective. Indeed, granule neurons are particularly susceptible to plastic changes in their phenotype following epileptic activity, although only a fewof these changes persist after the acute phases of seizures (Gall et al., 1990; Schwarzer et al., 1996) .
We recently described a similar pattern of lasting alterations in levels of NPY Y 1 and Y2 receptors in the dentate area after limbic seizures induced by a systemic injection of kainic acid to rats Roder et al., 1996; Kofler et al., 1997; Schwarzer et al., 1998) . It is interesting that the immunoreactive pattern of the peptide was very different in the two experimental models in spite of similar receptor changes. Thus, NPY immunoreactivity was persistently increased in the mossy fibers and in presumed GABA-containing neurons in the subgranular layer of the dentate gyms from 24 hup to 1 month after kainateinduced seizures, whereas intemeurons in the polymorphic cell layer degenerate (Sperk et al., 1992) . In stage 2 and in fully kindled rats, NPY was only transiently enhanced in the mossy fibers (up to 2 days after afterdischarge induction) but was highly expressed in hilar interneurons. In addition, a dense plexus of immunoreactive fibers was observed in the outer molecular layer of the dentate gyms . These considerations suggest that the changes in NPY receptor subtypes are not a mere consequence of alterations in neuropeptide expression (Sperk et al., 1992) , as also supported by the fact that the changes in receptor binding after kainate seizures appear to precede those in NPY immunoreactivity (Sperk et al., 1992; Roder et al., 1996) .
The changes in NPY receptor subtypes in kindling are associated with a larger release ofNPY from hippocampal slices under depolarizing conditions compared with sham stimulation or after a single afterdischarge (Rizzi et al., 1993) . Thus, triggering an afterdischarge in the kindled tissue would cause a massive release of the peptide and possibly enhanced neurotransmission through Y2 receptor subtypes. This may be an endogenous mechanism aimed at quenching hyperexcitability. Thus, NPY acting on presynaptic Y2 receptors inhibited glutamatergic neurotransmission (Colmers and Bleakman, 1994) and depolarization-induced glutamate release in the hippocampus (Greber et al., 1994) .
The loss of Yl receptor binding in the molecular layer of the dentate gyms of kindled rats was also observed after kainic acid-induced seizures Kofler et al., 1997) . Yl receptors apparently mediate excitatory actions of NPY on granule cells because their stimulation evokes membrane depolarization (Brooks et al., 1987) and their selective blockade inhibits seizures (Gariboldi et al., 1998) . However, Klapstein and Colmers (1993) described no effects of NPY on excitatory postsynaptic potential evoked in granule cells by stimulation of their synaptic inputs. McQuiston et al. (1996) reported that NPY inhibits an N-type Ca 2~channel in rat déntate granule cells Granule neurons have a key position in determining the hippocampal threshold to seizure activity and the rate of kindling (McIntyre and Racine, 1986; McNamara, 1994; Sloviter, 1994) . Therefore, plastic modifications in neurotransmitters and/or neuromodulators and their receptors known to affect granule cell excitability may have significant implications for both the development and maintenance of kindling.
